The life cycle length of pavement with asphalt concrete material (ACM) surfacing is significantly influenced, in addition to transport loading and climatic conditions, by design method and rehabilitation timing. Appropriate overlay thickness calculation and estimation of optimal rehabilitation time are crucial to maximizing life cycle length and, concurrently, reducing road administration costs and road user costs. This article describes a comprehensive method of ACM rehabilitation design. For optimization of life cycle cost analysis (LCCA) based design, mathematical analytical solution in combination with experimental verification of physical, mechanical, and fatigue characteristics is utilized. Pavement performance, that is, functions mathematically describing pavement's degradation characteristics of operational capability, is represented by longitudinal and transverse unevenness; these are used to describe relations between traffic loading and pavement's bearing capacity on 1 : 1 scale. Optimizing of rehabilitation plan is carried out by making a cost benefit analysis (CBA) for several rehabilitation scenarios in which different rehabilitation timing produces different capital cost requirements and social benefits. Rehabilitation scenarios differ in technology, the design of which needs to be mathematically optimized, and timing of rehabilitation execution. This article includes a case study for the sake of illustration of practical results and verification of applicability of used methodology.
Introduction
Design optimization calculation method for ACM pavements is a complex method using analytical-experimental methods for calculating of overlay thickness and resulting life cycle extension, in addition to general deterministic pavement performance modelling and CBA. To calculate the required ACM overlay thickness, it is imperative to know the mathematical model and numerical solution of layered elastic half-space [1, 2] . Layered elastic half-space defines stress and deformation in the pavement construction by using the strength characteristics of surfacing ACM materials and underlying sublayers. Based on traffic loading and climatic conditions of particular pavement, the results allow residual service life calculation of the pavement and possible overlay thickness for achieving service life extension of another 20 years [3] [4] [5] . The crucial parameter for the pavement's service life calculation is the fatigue characteristics of ACM materials in the surfacing. Because ACM materials differ in asphalt type, aggregate, additives, and their ratio, the fatigue properties need to be determined experimentally. The dynamic modulus (complex modulus) method [6] [7] [8] was used throughout research efforts [9, 10] , this article of which is part of the dissemination activities. However, the calculation of the necessary overlay thickness based on the theory of elasticity, that is, plasticity, needs to be supported by evaluation of longitudinal and transversal unevenness. This unevenness arises as a result of permanent deformation of pavement which is no longer in a flexible state, which can be derived again only on the basis of experimental methods [11] [12] [13] [14] [15] [16] . For this reason, experimental accelerated pavement testing (APT) facility [17] was designed to provide results, on which such derivations can be made in combination with long term pavement performance monitoring and laboratory material testing. It is a patent protected facility, traffic load and the pavement construction are designed on a 1 : 1 scale, and the facility uses several innovative concepts for ACM surfacing material testing. Comprehensive sensor suite is embedded within the pavement, especially in the ACM layers, to measure strains temperature and humidity. Deformations can be derived since the ACM materials characteristics were tested in laboratory conditions. The pavement performance represented by longitudinal and transversal unevenness is periodically recorded as a dense point mesh using Lidar scanners and evaluated via their software suite. This enables creating equations describing loss of pavement evenness in relation to loading volume. Due to the fact that the device is already in full operation for some time, first equations can be published; these however can change slightly in the future as the experiment goes on. Long term pavement performance monitoring is performed by the Slovak road administration. The APT results can be thus compared and verified on roads with similar structure to the experimental pavement [18] . In this article, we present the results verified by 15 years of data collection on pavements in operation. The results obtained by the APT serve foremost to define the critical state in which the ACM has reached the limit state of failure and must be removed or recycled [19] . In addition, the pavement deformation model serves as a base to calculate vehicle operating costs in concordance with the World Bank's approach "Highway and Development and Management" (HDM). The shape of pavement degradation is thus pivotal in the CBA as a difference in shapes of pavement degradation functions denotes different vehicle operation cost flows during the pavement's life cycle [20] [21] [22] [23] [24] . Application of comprehensive method of rehabilitation designing, including physicomechanical properties, fatigue characteristics, strain calculation, deformation, and overlay thickness as well as CBA, is created for particular pavement type or pavement class.
Experimental Pavement Model
Because of the application of complex rehabilitation methodology needs to be performed on particular pavement type, experimental road section was designed and constructed. The surfacing is composed of ACM prescribed by technical standards to ensure quality and match with real life pavements. The base course in a mechanically bound aggregate, subbase, is a compressed gravel layer; the earth works are simulated by a rubber layer on concrete with the equivalent modulus of well compressed subsoil. The pavement was designed according to the standard dimensioning methodology [25] for a minimum level of traffic load of 2.10 6 design axles. The entire pavement was subsequently built in the laboratories of the Department of Construction Management at the University ofŽilina. The experimental model of pavement construction is shown in Figure 1 .
Pavement structure layers are designed from generic materials defined in national standards. Table 1 contains material characteristics ascertained by the initial physical measurement of surfacing materials.
Design of Rehabilitation Variants
Calculation of pavement life cycle is possible only on the basis of pavement design method, that is, structural design, and overlay design method.
Structural
Design. The calculation of required overlay thickness is based on the analytical-experimental methods. Pavement construction including ACM surfacing is to be considered as a multilayer system on a flexible subsoil. Each layer, including overlay layers, is characterized by its thickness, modulus of elasticity, and Poisson numbers. The calculated stress is generated by repeated axle load (passing of freight vehicles) which is represented as an effect of the design axle load equivalent of 10 tonnes (2 = 100 kN). Pavement's bearing capacity constitutes the baseline for operational performance estimation in critical layer of the pavement structure and thus in the whole structure of the pavement. Once the bearing capacity of this critical layer is depleted by carrying traffic load, fatigue tear emerges, which gradually copies itself into the rest of the layers. This relation is expressed in the design methodology by comparison of the maximal computed strain at the bottom of the ACM surfacing layer and the bending strain resiliency of ACM reduced by the fatigue coefficient ( ). 
where 0 is maximum amplitude of proportional deformation in the test conditions at the beginning of the measurement, , are parameters measured during the fatigue tests with the stress lines coefficient in the range of , is the number of load repetitions.
The characteristics of the fatigue that are in the equation are the average size of deformation derived from stress lines derived after 10 6 loading cycles in microstrain ( m/m).
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where , are fatigue parameters, 6 is average deformation derived from fatigue curve after 10 6 loading cycles in microstrain [ m/m].
The number of loads corresponding to the initial deformation in the test sample under specified conditions can be ascertained as
where is the fatigue characteristics in the range of 3 to 10. The results of research carried out in the ambit of fatigue characteristics are presented in Figure 2 and Table 2 .
The life cycle of ACM in the pavement construction can be expressed through (1), on the basis of the strain calculation in pavement construction, resiliency, and fatigue coefficient. The SV value must be less than 1, so that the value of the radial strain does not exceed the value of resiliency reduced by the fatigue characteristics. If the value is exceeded, the ACM is at the end of its life and failures appear.
Obviously, during the service life, as the surfacing wears down, elastic modulus of ACM layers diminishes which results in surfacing resiliency loss. Calculation of elastic modulus decrease can be based on experimental fatigue testing. The results for materials used in this case study were published in [9] . Radial strain and resiliency loss can be calculated by means of mathematical elastic multilayer halfspace model [26] . Table 3 summarizes measured loss of elastic modulus and calculated radial strain and resiliency decrease.
The shape of calculated strain in relation to elastic modulus decrease and resiliency loss is shown in Figure 3 . When the drop in strain levels on the bottom edge of the ACM reaches the resiliency, the ACM fails and tear is created.
The calculation of capacity utilization coefficient Sv based on (1) for this case study, that is, for ascertained material elastic modulus and fatigue, is shown in Figure 4 . Calculation results, attained according to the herein described approach, have shown that pavement with these particular ACM layers has life cycle length of 2 6 design axle load repetitions without any rehabilitation. This particular pavement type is designed for load class with expected 275 design axle load repetitions daily; this equals about 1 5 design axle load repetitions per year, which in turn means that the bearing capacity will be depleted after 20 years of operation.
Overlay Design.
The life cycle represents number of load repetitions acting on ACM layer up to the state of a failure. As stated in Section 1 of this article, several rehabilitation scenarios need to be identified for the LCCA optimization of any given ACM. These scenarios differ in rehabilitation timing and overlay structure design which changes in time; that is, thickness is increasing as the bearing capacity diminishes; later rehabilitation leads to thicker overlays. Important aspect of overlay structure design is that mechanical properties of existing ACM layers are reduced (degraded), as was explained 
Number of cycles in Section 3.1, while the overlay ACM layer is always expected to have the inherent maximal properties. It is important to point out that, from technological as well as ecological point of view, ACM layers can be recycled to recoup the properties of a new material. In terms of overlay design method, the rehabilitation entails increase in elastic modulus of ACM surfacing and by adjusted thickness of the surfacing layer. In Figure 5 , four rehabilitation scenarios are shown in four different life cycle periods including scenario of rehabilitation at the end of the predicted life cycle. Overlay design thickness for these four scenarios was calculated based on radial strain in ACM layer. Overlay is designed to replete the lost bearing capacity, thus expanding the ACM lifecycle by additional 20 years, that is, returning the pavement to its original pristine state. Computed results for these four scenarios including elasticity modulus in rehabilitation year and radial strains before and after rehabilitation are shown in Table 4 .
The development of radial strains in the pavement construction is shown in Figure 5 .
Overlay designs and their timing and life cycle extension are shown in Figure 6 .
Pavement Performance Models
In order to ascertain rehabilitation timing and identify prudent rehabilitation scenarios, pavement performance degradation should be taken into account. If the rehabilitation is performed too early, it is usually inefficient; delayed rehabilitation may lead to loss of pavement's operational serviceability [13, 18, 27] . Pavement performance models are represented by mathematical equations describing accruement of longitudinal and transversal unevenness under traffic load. Accelerated pavement testing in combination with long term performance monitoring is a preferred approach to ascertain these equations. It is presumed that the pavement is repaired only once serviceability of the original pavement is lost but before the operational capacity is reached. Overlay, where thickness is calculated according to real state of the pavement, restores its original properties, that is, new pavement properties. Overlay can be performed by removing ( part of or complete surfacing layer. For this reason it is not possible to distinguish between new and recycled pavement.
The same mathematical equations are used for both cases.
Accelerated Pavement Testing.
The general principle of APT is simulation of real life traffic loading on real life pavement. This traffic load is preferably the design axle load, for which the pavement is designed. In this case, it is 50 kN. The loading unit is driven along a leading rail; it is powered by an electromotor. Acceleration, deceleration, and top speed are adjustable within constraints of the pavement length. Radial strains at the bottom edge of surfacing arise as a combination of surfacing deflection under the loading unit and acceleration and deceleration forces on the tire-pavement contact area. APT facility parameters are listed in Tables 5 and 6 . The loading unit runs the pavement section in both directions. In addition to weight of the loading unit itself, additional weight is loaded on the unit to reach the required If valid, the loading unit will be driven at the desired speed conditions. The speed conditions are mirrored for the opposite direction drive. The APT facility is shown in Figure 7 . It is composed of a mobile loading unit and stationary equipment. The loading unit is set in a floating frame fixed within a solid sliding frame. The suspension is basically of the same principle as found on most freight vehicles. The motor, transmission, and breaking systems are all placed on the movable loading unit. Since the facility is in operation for some time, initiation and early operation phase of pavement performance model can be evaluated; the future pavement behaviour is extrapolated and updated as the experiment goes on.
Pavement Performance:
Transversal Unevenness. Unevenness was ascertained from cross sections of pavement surface. The surface was scanned by a handheld Lidar laser scanner, high density point mesh was created with accuracy of 40 m (microns), and unevenness as small as 50 m could be evaluated exceeding by far the required preciseness. Preliminary evaluation could be made during the scan and creation of the point mesh. More elaborate processing was performed in the VXelements 2.0 software. Extracted cross section data were further evaluated in the MATLAB software.
The resulting values are shown graphically in Figure 8 . The results can be deterministically evaluated and described by either linear or polynomic equation; see (5) and (6). since they incorporate outermost pavement stretches where the loading unit is in a standstill. After we adjust the IRI by exclusion of these local extremes, the interval for the constant speed stretch of the pavement is much more prudent, 3.3-3.9 m⋅km −1 . The longitudinal unevenness can be seen in Figure 9 .
Pavement performance model used for optimization of overlay design was a result of APT pavement performance described in this section and long term pavement performance monitoring of real pavement section in operation. The pavement performance model is a cubic polynomial function described by = 0,000327396322 3 + 0,019659276067
This function is used to predict pavement performance (as IRI development) over time, that is, traffic loading. IRI in a particular year is used to estimate annual road user costs. As seen in Section 5, these costs do not enter the overlay design calculation itself but are pivotal when evaluating the timing of said overlay.
Optimization of Rehabilitation Planning
Optimizing of decision-making process in rehabilitation planning is based on the LCCA principles. The gist of the optimization is to perform CBA for each rehabilitation scenario and subsequent calculation and comparison of optimization index of those scenarios.
Cost Benefit Analysis.
CBA compares the cash flows of "do nothing" scenario and "do something" scenario. As a result, economic benefits gained through rehabilitation can be compared with financial costs for applied rehabilitation technologies. Combination of three economic indicators is used to evaluate the economic viability of each scenario; the indicators are the payback period, internal rate of return, and the net present value. Monetization of socioeconomic costs and benefits from pavements with rehabilitated ACM surfacing, respectively, are crucial for ascertainment of economic indicators. The benefits are related to difference in pavement quality in scenario without rehabilitation and scenario with rehabilitation. Benefits can be internal and external. In this case study, we used internal benefits which include road user operation costs and travel time costs as these can be monetized using World Bank's endorsed method. The external benefits including environmental savings and macroeconomic implications are omitted as all available monetization methods were considered by road administration authorities as subjective, that is, not reliable. Overall road user benefits based on proposed rehabilitation technology and its investment costs, road administrator's costs, timing of rehabilitation, and discount rate can be calculated according to Optimization in this case study is based on a calculation of described overlay design, pavement performance models, CBA, and optimization index. The calculation of optimization index itself is shown in Table 8 ; it is based on life cycle cost analysis in Table 7 . The results of Table 8 are graphically depicted in Figure 10 . We can see that rehabilitation in year 10 scores the lowest OI and thus is optimal. More diligent approach would call for the evaluation to be done in each year, not just in years 5, 10, 15, and 20. The result would be a refined curve of the same shape, with the possibility that the refinement could shift the optimal rehabilitation by a year or two. This is a question of due diligence of particular administrator and possibility of automating the calculation by Excel macro file or a software solution.
Sensitivity Analysis of Overlay Design and Timing
Optimization. Sensitivity analysis shows the effect of input changes on the overall result of the optimization. In the analysis, one input parameter for the optimization is changed and the resulting aberrations in financial and economical parameters are presented. To evaluate elasticity of individual parameters, only one particular parameter can be tested at a time. Individual parameter is critical; that is, it has elasticity over 5%, if a change of 1% in the parameter causes a shift in the result of 5%. Elasticity analysis for this particular case study is shown in Table 9 . Net present value of overlay variant was chosen to represent the result under observation as it represents the most important result for the road administrator. Input parameters for which sensitivity analysis was performed were (i) roughness pavement performance model,
(ii) fatigue parameter change ( , parameters), (iii) resiliency of critical layer.
The analysis shows that neither of observed input parameters is critical by itself. However, their effects are synergetic and combination of flaws in these inputs can easily lead to unrealistic results. Therefore, the most precise definition of said inputs is required for optimization of overlay design and timing strategies.
Conclusion
The objective of this article was to elucidate on the methods for overlay design and creation of pavement performance model and decision-making method for identification of optimal rehabilitation time. This approach is very complex.
However, it can be adopted on national level with some effort, provided that the national research can supply or substitute the experimental part. The presented case study shows that the combination of pavement structure design methods, experimental fatigue tests of ACM, experimental pavement testing, and/or long term pavement performance monitoring if combined with economic appraising of road user costs can be used to optimize overlay thickness and rehabilitation timing. Additional data is required, namely, traffic data and climatic data of given region. The critical point of similar methodologies is usually the creation of pavement performance models. APT data backed by long term performance monitoring as described in this article seems to be preferable when creating pavement performance models. Downside of this approach is that the test needs to be performed for particular pavement type, which can take time as the data may not be readily available. The pavement performance model can be then employed for all pavements with ACM surfacing within given traffic load class, as these are not expected to differ significantly. Sensitivity analysis evaluates input parameters presented in the article that are needed for the overlay optimization. It shows impact of input changes on the overall result of the overlay scenario results. Preliminary results from this case study prove in practice that this approach is a good way to refine the decision-making process of rehabilitation planning which leads to increase in socioeconomic benefits for the public and at the same time helps to decrease capital cost of road administration.
